To assess the climate impacts of historical and projected land cover change in the Community Climate System Model, version 4 (CCSM4), new time series of transient Community Land Model, version 4 (CLM4) plant functional type (PFT) and wood harvest parameters have been developed. The new parameters capture the dynamics of the Coupled Model Intercomparison Project phase 5 (CMIP5) land cover change and wood harvest trajectories for the historical period from 1850 to 2005 and for the four representative concentration pathway (RCP) scenarios from 2006 to 2100. Analysis of the biogeochemical impacts of land cover change in CCSM4 reveals that the model produced a historical cumulative land use flux of 127.7 PgC from 1850 to 2005, which is in general agreement with other global estimates of 156 PgC for the same period. The biogeophysical impacts of the transient land cover change parameters were cooling of the near-surface atmosphere over land by 20.18C, through increased surface albedo and reduced shortwave radiation absorption. When combined with other transient climate forcings, the higher albedo from land cover change was counteracted by decreasing snow albedo from black carbon deposition and high-latitude warming. The future CCSM4 RCP simulations showed that the CLM4 transient PFT parameters can be used to represent a wide range of land cover change scenarios. In the reforestation scenario of RCP 4.5, CCSM4 simulated a drawdown of 67.3 PgC from the atmosphere into the terrestrial ecosystem and product pools. By contrast the RCP 8.5 scenario with deforestation and high wood harvest resulted in the release of 30.3 PgC currently stored in the ecosystem.
Introduction
Recent studies have shown that historical human land use and land cover change have significantly impacted the earth's climate through changes in the carbon cycle, through altered biogeochemical processes (Houghton 2003; Canadell et al. 2007; Bonan 2008; Shevliakova et al. 2009 ) and through changes in energy and moisture fluxes to the atmosphere, by altering biogeophysical processes (Betts et al. 2001; Feddema et al. 2005; Findell et al. 2007; Bala et al. 2007; Lawrence and Chase 2010) . To address these climate impacts, the Coupled Model Intercomparison Project phase 5 (CMIP5) protocol prescribes historical and projected time series of land cover change and wood harvest that are internally consistent with emissions scenarios and development pathways that will guide the next Intergovernmental Panel on Climate Change (IPCC) assessment report [the Fifth Assessment Report (AR5)] (Taylor et al. 2009 ).
The new CMIP5 land cover change scenarios include land cover transformations and wood harvest that are based on detailed information about natural land cover distributions, anthropogenic land cover transformations and land use, and the carbon releases associated with these activities. These time series are represented through annual historical land cover change and wood harvest from 1850 to 2005 (Hurtt et al. 2006 ) and through four different representative concentration pathway (RCP) scenarios for future land cover change and wood harvest from 2006 to 2100 (van Vuuren et al. 2007; Wise et al. 2009; Fujino et al. 2006; Riahi et al. 2007) .
For the CMIP5 climate modeling experiments, the National Center for Atmospheric Research (NCAR) is using the Community Climate System Model, version 4 (CCSM4) global climate model (Gent et al. 2011) as the primary climate model for physical climate simulations. To address the land cover and land use components of the CMIP5 protocol, CCSM4 has been developed to include annual transient land cover change in plant functional types (PFTs) and wood harvest of tree PFTs through new functionality in the Community Land Model (CLM4), as described in Lawrence et al. (2012) and Oleson et al. (2010) .
To ensure consistency with the CMIP5 protocol, new annual CLM4-compatible PFT land cover change and tree PFT wood harvest parameters have been derived from the CMIP5 land cover change and wood harvest database from 1850 to 2100. The annual values of the CMIP5 time series are combined with the CLM4 current day PFT parameters derived from Moderate Resolution Imaging Spectroradiometer (MODIS) satellite observations (Lawrence and Chase 2007) and with the CLM4 potential vegetation PFT parameters derived from bioclimatically reconstructed vegetation (Lawrence and Chase 2010) . The resulting integrated parameters reflect the CMIP5 trajectories while maintaining the specific land surface PFT descriptions used in CLM4.
To assess how these new time series of CLM4 parameters impact the biogeochemical and biogeophysical processes in transient CCSM4 experiments, this paper 1) describes the processes by which the time series of CMIP5 land use and land cover change have been represented in CLM4 land surface parameters for both historical and projected scenarios; 2) evaluates the CLM4 parameters against the historical and projected times series in the context of the narrative of each CMIP5 scenario; 3) investigates the biogeochemical impacts of land use and land cover change in the CCSM4 1850-2005 historical and 2006-2100 projected transient climate experiments; and 4) investigates the historical biogeophysical impacts of land use and land cover change in the absence of and in combination with other climate forcing, such as increased atmospheric CO 2 , increased deposition of airborne sources of nitrogen, increased aerosols, and other sources of transient climate change.
Data and methods
a. CMIP5 specified annual land cover change and wood harvest
The CMIP5 experimental design protocol specifies transient land cover change and wood harvest for the historical 1850-2005 period and for all of the 2006-2100 RCP scenarios (Taylor et al. 2009 ). To meet this requirement historical land use and land cover change has been derived using the global land model (GLM) of Hurtt et al. (2006) based on the historical crop and pasture maps of the History Database of the Global Environment, version 3.0 (HYDE 3.0) database combined with historical national estimates of wood harvest and shifting cultivation. For the future RCP periods land use and land cover change have been individually estimated by four different integrated assessment modeling (IAM) groups, ensuring consistency with the emissions and development pathways of the RCPs. The time series are represented through annual global maps of land cover change and wood harvest on a 0.58 grid. An overview of the historical and RCP time series specifications can be found in van Vuuren et al. (2011) , with a summary for each time series shown in Table 1 .
So that the individually derived time series can be used consistently in all of the modeling studies with a smooth transition between the historical and RCP periods, a harmonization process was developed by Hurtt et al. (2011) to convert all of the time series into a consistent series of land use transitions with the associated wood harvest for the period 1850-2100. The harmonization process integrates multiple data sources from the historical and future time series for the year 2005 to minimize differences in land cover area and carbon fluxes at the transition year while preserving the future changes at both aggregate and 0.58 grid levels. The harmonized land use transitions were based around the four simplified land classes of primary vegetation (undisturbed natural vegetation), secondary vegetation (regrowth vegetation following human disturbance or a period of alternative land use), crop, and pasture.
Harmonized prescriptions of CMIP5 wood harvest statistics also are provided by Hurtt et al. (2011) for the historical and RCP time series. The wood harvest is prescribed spatially on the same 0.58 grid as the land use class transitions for each year. To ensure consistency with the land use classes and the wood products generated, wood harvest is prescribed as both the area of land harvested and the amount of carbon extracted in the grid cell for a particular year. To account for the differences in standing amount of wood carbon as well as the differences in harvest intensity associated with the different land units, the harvest area and carbon amounts are prescribed for the five classes of primary forest, primary nonforest, secondary mature forest, secondary young forest, and secondary nonforest.
Discussions following the initial analysis of CCSM4 land cover change experiments found there were very high wood harvest areas compared to wood harvest carbon in the RCP 6.0 and RCP 8.5 time series (Chini et al. 2011, teleconference communication) . The high wood harvest areas were traced to using gridded spatially explicit wood harvest targets from the Model for Energy Supply Strategy Alternatives and their General Environmental Impact (MESSAGE) and AIM groups for these two time series, rather than using regional targets with spatial downscaling in the GLM as done with the other three time periods (Hurtt et al. 2011) . As a result of these discussions, new amended wood harvest targets were generated with regional targets through the GLM for the RCP 6.0 and RCP 8.5 time series (Chini et al. 2011) . These new wood harvest parameters are used for the RCP 6.0 and RCP 8.5 CCSM4 simulations documented in this paper. The implications of the original wood harvest parameters on simulations in the CMIP5 CCSM4 modeling database are detailed further in the discussion.
The land use descriptions of the different time series in Table 1 reflect the range of human management actions that the IAM groups prescribed on vegetation in the future scenarios. The differences in these management pathways are shown through cumulative annual global changes in land unit area, along with cumulative global harvest area and carbon amount harvested in Table 2 for the RCP time series as well as the historical time series. As might be expected, the tables show that from 1850 to 2005 the historical time series had a large decrease in primary land, which was transformed into pasture, secondary land, and cropping, with the largest by 2100 (van Vuuren et al. 2007 ).
Largest increase in crops with small decrease in pasture. Biofuels included -in croplands. Forest area declines.
RCP 4.5 Global Change Assessment Model (GCAM) modeling team, Pacific Northwest National Laboratory 2006-2100 RCP 4.5 is a stabilization scenario, where total radiative forcing is stabilized before 2100 through a range of strategies for reducing greenhouse gas emissions (Wise et al. 2009 ). Only decrease in crops with a smaller decrease in pasture. Biofuels included in croplands. Expansion of forested areas for carbon storage.
RCP 6.0 AIM modeling team, the National Institute for Environmental Studies (NIES), Japan 2006-2100 RCP 6.0 is a stabilization scenario, where total radiative forcing is stabilized after 2100 through a range of strategies for reducing greenhouse gas emissions (Fujino et al. 2006) . A2 scenario (Riahi et al. 2007 ).
Medium increases in both cropland and pasture. Biofuels included in wood harvest. Largest decline in forest area.
transition into pasture and the smallest transition into crop. The total harvest area was similar in size to the loss of primary land; however, two-thirds of the wood harvest occurred on secondary land. Of the RCPs, the RCP 4.5 time series had the largest use of land management as a carbon mitigation strategy, with the expansion of forests combined with reductions in the area of cropland and pasture, as well as the use of some crop areas for biofuel production. The RCP 6.0 time series had less use of land management for carbon mitigation. The RCP kept forest areas constant with a large reduction in pasture, but there was a medium increase in crop area with some of the crop areas used for biofuels. The RCP 2.6 time series had relatively little effective use of land management for carbon mitigation with decreases in forest area and the largest increase in crops. This was offset by a small decrease in pasture and the use of some crop areas for biofuel. The RCP 8.5 time series had the least effective use of land management for carbon mitigation with the largest loss of forest area combined with medium increases in crop and pasture. The only effective measure of carbon mitigation was through the use of wood harvest as biofuel.
b. Integrating CMIP5 land cover change into CLM4 land surface parameters
The most recent version of CLM4 represents the land surface as a hierarchy of subgrid types, including glacier, lake, wetland, urban, and vegetated land units, with the vegetated land unit further divided into a mosaic of plant function types (PFTs) (Oleson et al. 2010) . To transform the CMIP5 land cover change and wood harvest time series into CLM4 parameters, the fractional composition of the primary vegetation, secondary vegetation, crop, and pasture land units need to be faithfully represented for each grid cell and for each year of the time series in the PFT mosaics of CLM4. To achieve this each land unit is translated into fractional PFT values based on the current day (Lawrence and Chase 2007) and potential vegetation (Lawrence and Chase 2010) CLM4 land surface parameters of the grid cell. This translation is schematically shown in Fig. 1 .
The methodology for creating the transient PFT dataset is based on four steps that are applied to every grid cell for each year of the time series. First, crop PFT composition is directly specified from the GLM crop land unit. In the Fig. 1 example, this is 25% for both the GLM land units and the CLM4 PFTs. Second, pasture PFTs are assigned based on grass PFTs found in the potential vegetation and year 2000 CLM4 land surface parameters scaled by the area of the GLM pasture land unit. In the example this is 25% in the land units that transform to 25% C4 grass PFT. Third, primary PFTs are assigned from potential vegetation PFTs scaled by the GLM primary land unit. In the example the 20% primary land unit of year N is divided into the primary PFTs shown based on the gridcell potential vegetation PFT composition.
Finally, secondary PFTs are assigned from the GLM secondary land unit based on the year 2000 secondary PFT composition. In the Fig. 1 example, the year 2000 secondary PFT composition is calculated using the year 2000 GLM land units and the year 2000 MODIS derived CLM4 PFTs, as the remaining PFTs once the year 2000 crop, pasture, and primary PFTs are removed. In the example, the calculated year 2000 secondary PFTs are used to divide the 30% of secondary unit into PFTs for the year. The individual PFT mosaics of each GLM land unit class are then aggregated to give a single PFT mosaic for the grid cell for that particular year, as shown at the end of Fig. 1 .
One of the issues apparent in the CMIP5 time series is the ambiguous definition of the pasture land unit. The definition of pasture can be applied as a land cover where grasses are specifically grown for grazing purposes (e.g., for dairy herds that graze on grass fields), or simply as the human land use of grazing where herds opportunistically use any natural vegetation grown in an area (e.g., pastoral herding practices as used in Africa or Mongolia, or rangeland grazing in Australia).
The historical CMIP5 time series suggests that the pasture land unit applies to both of these definitions, as there are very intensive pasture values in very sparsely vegetated parts of the world that cannot be considered equivalent to the intensive grazing of the lush pastoral grass fields of Europe or North America. To address these definitional concerns for the pasture land unit, the density of grass PFTs in the pasture fraction was limited by the maximum vegetation density of the grid cell based on the bare soil fraction of the current day and potential vegetation parameters. The annual tree PFT harvest parameters also are calculated for CLM4 based on the harvest area of the CMIP5 time series combined with the transient tree PFT values calculated for the grid cell in the year of harvest. In the Fig. 1 example, the primary wood harvest area of 1% of the grid cell is transformed to a tree wood harvest of 0.85% of the grid cell, as the primary land unit composition has 85% tree PFTs from the potential vegetation. The secondary wood harvest of 2% of the grid cell, however, transforms to a tree wood harvest of 1.15% of the grid cell, as the secondary land unit composition has 57.5% tree PFTs.
As CLM4 has no explicit representation for primary or secondary forest or for different harvest prescriptions, the harvest values are applied directly to the mean standing carbon in the tree PFTs. This representation has the potential to misrepresent the amount of carbon standing in the primary or secondary trees, as it uses grid cell average carbon values for the tree PFT rather than explicit representations for the two land units. To ensure smooth transitions within CLM4, PFT transitions and wood harvest are performed at the time step of the model using linear interpolation between the closest annual parameter values found in the time series. c. Experimental design for sensitivity of CCSM4 climate to land cover change
As the basis for our investigation into the biogeochemical and biogeophysical impacts of transient land cover change in CCSM4, we analyzed the land surface biogeochemistry and climate of a single realization of the NCAR CMIP5 fully coupled CCSM4 experiments with all transient forcings and atmospheric forcings prescribed through concentrations rather than emissions at the 0.98 3 1.258 finite volume resolution. In each climate simulation land surface biogeochemistry and biogeophysics were simulated using the CLM4 land surface model with the carbonnitrogen (CN) option dynamically simulating plant growth, organic matter decay, soil carbon and nitrogen chemistry, land cover change, and wood harvest. The details of this model are fully described in Lawrence et al. (2012) and Oleson et al. (2010) .
The CCSM4 historical transient experiment starts in 1850 from the end of a 2300-yr spinup control simulation and simulates climate under full transient forcings through prescribed changes in solar irradiance, greenhouse gases (CO 2 , CH 4 , N 2 O, O 3 , CFCs), natural and anthropogenic aerosol burden, and aerosol (black carbon and dust) and nitrogen deposition, as described in Gent et al. (2011) . Each of the RCP climate simulations continued from the end of the historical simulation with the same set of RCP specific transient forcings, as detailed in Taylor et al. (2009) .
The biogeochemical impacts of land use and land cover change in these simulations were evaluated through investigating changes in CLM4-CN carbon pools and fluxes, as shown in Fig. 2a . The biogeophysical impacts were evaluated through investigating changes in surface climate focusing on changes in the surface radiation and energy fluxes shown in Figs. 2b and 2c. As our investigations were limited to the biogeochemical and biogeophysical response of the land surface, a full analysis of all changes in the global climate in these simulations was beyond the scope of this paper. For context, however, the global transient land climate forcing from each of these simulations is shown for land near-surface air temperature, prescribed atmospheric CO 2 concentration, and airborne nitrogen deposition in Fig. 3 .
To investigate the biogeophysical impacts of land cover change in the CCSM full transient simulations, it was necessary to assess which surface climate forcings were coming from land cover change and how those forcings combined with the other transient forcings to produce the climate impacts in the simulations. For this investigation we repeated the historical CCSM4 simulation as a land-cover-change-only experiment in which transient land cover change and wood harvest were prescribed but all other forcings remained at 1850 control experiment values. The changes in land surface fluxes and land surface climate over the single forcing experiment were then compared to the changes found in the full transient historical experiment to identify the climate impacts of historical land cover change in isolation from and in combination with all of the other historical forcing factors.
Impacts of transient land cover change in CCSM4
a. Land cover change in CLM4 plant function types
The new translation methods were used to generate annual CLM4 PFT parameters for each year of the historical and future RCP time series at the 0.58 resolution of the GLM land unit output from the Hurtt et al. (2011) harmonization process. The total changes in PFT area and areas of tree PFT harvested are shown in Table 3 for each of the historical and RCP time series. The land cover change differences in the CLM4 PFT parameters are mapped globally in The historical total changes in PFTs show the direct allocation of crop land unit to crop PFT with the same increase of 9.8 3 10 6 km 2 in both the CLM4 PFTs and the GLM land units (Tables 2 and 3 ). The historical parameters had a decrease in the area of tree PFTs of 25.5 3 10 6 km 2 , which was almost twice the reduction in grass PFTs of 23.3 3 10 6 km 2 . The total reduction in shrub PFTs of 21.0 3 10 6 km 2 was smaller than either tree or grass PFTs, reflecting the low shrub PFT density on primary land and the preference for arable lands with other natural PFTs for conversion to crop and pasture.
The decrease in the area of natural PFTs is substantially smaller than the historical decrease in the area of the GLM primary land unit (Tables 2 and 3) , reflecting the large amounts of bare soil in the CLM4 PFT mosaic of sparsely vegetated primary land prior to conversion to secondary vegetation, crop, or pasture PFTs. The total global tree PFT harvest area of 18.5 3 10 6 km 2 also is substantially lower than the GLM wood harvest area (Table 2 ). This reflects the very low tree densities found in nonforest areas, which are specified as harvested in the CMIP5 database. The global historical land cover change maps (Figs. 4a, b and 5a) show that historical increases in cropping were sourced from both trees and grasses. Increases in pasture however required retention or increases in grasses in many areas. This is reflected in the widespread decrease in trees, but the increases in grasses in eastern Europe, China, eastern North America, and eastern South America. The historical global time series plots (Fig. 6) show a relatively consistent decrease in tree and grass PFTs and increase in crop PFTs through the 1850-2005 period, reflecting the historical changes in GLM land units.
As shown with the GLM land units, the RCP 2.6 parameter time series has the largest increase in crop PFTs of all RCPs at 5.3 3 10 6 km 2 (Table 3 ). The increase in cropping is associated with nearly equal decreases in tree PFTs at 22.7 3 10 6 km 2 and grass PFTs 
at 22.1 3 10 6 km 2 , and with a smaller decrease in shrub PFTs at 20.4 3 10 6 km 2 . The total tree PFT harvest areas are the second highest of the RCPs at 88.2 3 10 6 km 2 . The harvest area is much lower than the GLM harvest area, reflecting the low tree PFT density found in nonforest harvest areas in the RCP.
The RCP 2.6 global PFT land cover change maps (Figs. 4c and 4d) show that the decreases in tree PFTs are larger in the Southern Hemisphere with widespread decreases in Africa, South America, and the tropical forests and savannas of Australia, following increases in cropping in these regions (Fig. 5c ). Northern Hemisphere changes in tree PFTs are mixed with both increases and decreases, while the changes in grass PFTs closely mirror the changes in pasture. The global PFT time series plots (Fig. 6) show that RCP 2.6 is the most consistent in continuing the historical trends through to 2100 for all PFTs and for increases in tree PFT wood FIG. 3 . CMIP5 global historical and RCP land surface forcings of near-surface land air temperature, atmospheric CO concentration, and nitrogen deposition from CCSM4 climate simulations. 
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harvest area. The other RCPs all diverge from historical trends to some extent for a group of PFTs or for tree PFT harvest area. As in the GLM land units, the RCP 4.5 time series is the only RCP to have a reduction in crop PFT area at 24.2 3 10 6 km 2 (Table 3) . The crop reduction results in the large increase in tree PFTs of 3 3 10 6 km 2 and the smaller increases in grass PFTs of 1 3 10 6 km 2 . This reflected the forest area expansion of the RCP. Tree PFT wood harvest is the lowest of the RCPs at 69 3 10 6 km 2 , which again is a third of the GLM harvest area value, reflecting the low PFT tree density in nonforest wood harvest areas. The RCP 4.5 global PFT land cover change maps (Figs. 4e and 4f) show that tree PFT increases follow decreases in crops (Fig. 5e) ; however, changes in grass PFTs are more complex, influenced by both changes in pasture and the potential and current vegetation that exist prior to and after land use. The RCP 6.0 time series has the largest decrease in grass PFTs of all the RCPs at 23 3 10 6 km 2 (Table 3 ). This corresponds with the largest decrease in the GLM pasture land unit (Table 2 ) and the increase in crops by 3.7 3 10 6 km 2 . The decreases in tree PFTs of 20.3 3 10 6 km 2 are relatively small compared to the tree changes in the other time series, consistent with maintaining constant forest area in the RCP. The tree PFT harvest area of 88.2 3 10 6 km 2 is the second lowest of all RCPs. The RCP 6.0 global PFT land cover change maps (Figs. 4g and 4h) show mixed decreases in tree PFTs, reflecting the competing influences of changes in crops (Fig. 5g) and pastures, while the changes in grass PFTs follow the changes in pasture more directly.
The RCP 6.0 global map of tree PFT harvest (Fig. 5h ) shows that the RCP has very high harvest prescription in many areas, with most of India and Europe being harvested more than twice in the period. The global PFT time series (Fig. 6 ) also shows that the RCP had large decreases in tree PFTs from 2010 to 2020 at the same time as increases in grasses. Further analysis found this to be the result of simultaneous increases in cropping in India replacing forests, which offset crop reductions in southern Russia, Europe, North America, and South America where secondary land was dominated by grasslands.
The RCP 8.5 time series has the largest decreases in tree PFTs of 23.5 3 10 6 km 2 (Table 3) , reflecting the largest decreases in primary vegetation (forests) of all the RCPs (Table 2 ). The decrease in tree PFTs is associated with increases in crop area of 2.8 3 10 6 km 2 and grass PFTs of 0.9 3 10 6 km 2 . The total area of tree PFT harvest at 123.2 3 10 6 km 2 is the largest of all RCPs, with the 95-yr period harvesting over six times the area of trees harvested during the 150-yr historical period. The RCP 8.5 global PFT land cover change maps ( Fig. 4i and 4j) show that decreases in tree PFTs follow increases in crop PFTs (Fig. 5i) , while changes in grass PFTs more closely follow changes in pasture. The global map of tree PFT harvest (Fig. 5j) reflects the largest wood harvest prescription of the RCPs with high harvest areas extending from the tropics into higher latitudes.
b. Historical and RCP biogeochemical impacts of transient land cover change
The CCSM4 historical and RCP climate simulations were analyzed to understand the impacts of land cover change and wood harvest on the global carbon cycle within the full transient climate experiments. The average annual global fluxes of carbon are shown in Table 4 , with the total changes in global carbon pools over the simulations shown in Table 5 . These carbon fluxes and pools are the same as those shown in Fig. 2a . The geographic impacts of land cover change and wood harvest were investigated through global maps of average annual land use carbon flux (direct land cover change flux and product pool loss) and through the total change in ecosystem carbon over the simulation periods in Fig. 7 . The global annual fluxes also were examined through time series plots of global annual averaged land use 
carbon flux, net ecosystem exchange (NEE), and wood harvest carbon flux, and through changes in the global total ecosystem carbon pool in Fig. 8 . The historical global annual carbon fluxes of CCSM4 (Table 4) The global map of historical average annual land use flux (Fig. 7a) shows the land use fluxes were largest in eastern North America, China, Southeast Asia, with other major contributions from South America, western Europe, and central Africa. These areas correspond well with the largest losses of tree PFTs (Fig. 4a) and tree PFT harvest (Fig. 5b) . The areas of largest land use flux also correspond with the largest decreases in ecosystem carbon (Fig. 7b) . In areas with low or no land use flux, however, the simulation had increased ecosystem carbon through the period, reflecting the influence of other forcings in the full transient run such as increased atmospheric CO 2 , increased nitrogen deposition, and lengthened growing season from warming in higher latitudes.
The time series plots show that the CCSM4 historical land use flux was consistent, but lower than the global annual estimates of Canadell et al. (2007) (Fig. 8a) for the entire period, and that the wood harvest carbon flux was consistent with the CMIP5 GLM historical values (Fig. 8c) . The CCSM4 NEE flux was positive to the atmosphere for most of the historical period, reaching a maximum value of 1 PgC yr 21 in 1960 before returning to 0.0 PgC yr 21 by 2005. The positive NEE is consistent with the decline in ecosystem carbon throughout the period (Fig. 8d) .
The CCSM4 average annual RCP 2.6 carbon fluxes (Table 4) show that this simulation had the lowest wood harvest flux at 1.43 PgC yr 21 and the second lowest land use flux of all RCPs at 1.84 PgC yr
21
. The RCP 2.6 average land use flux was over twice the historical value, while the wood harvest flux was over three times the average historical value. Despite this, the RCP 2.6 simulation only had half of the historical NEE flux at 0.18 PgC yr 21 . This made it the lower of the two RCPs with positive releases of carbon, with only RCP 8.5 having a larger loss of carbon. The reduction in NEE compared to the historical simulation was the result of increased net primary production (NPP), which partially offset the increases in land use and heterotrophic respiration.
The change in RCP 2.6 global carbon pools (Table 5 ) reflects the relative differences in NEE with a loss of ecosystem carbon of 224.5 PgC. This was the smaller loss of ecosystem carbon of the simulations with positive NEE with RCP 8.5 losing substantially more carbon. The loss of ecosystem carbon came from a 240.7 PgC loss of wood carbon and a 24.6 PgC loss of coarse woody debris carbon. These decreases both were about half of the losses of these pools in the historical simulation. The RCP 2.6 simulation also had an increase in soil carbon of 17.0 PgC, which was the largest increase in soil carbon of all simulations. There also was an increase in the product pool of 5.9 PgC with the remaining 18.6 PgC of ecosystem carbon released to the atmosphere.
The RCP 2.6 global map of land use flux (Fig. 7c) shows that land use carbon flux was largest in eastern North America, central Africa, Southeast Asia, and China, with smaller land use fluxes in Europe, South America, and India. The RCP 2.6 global map of ecosystem carbon change (Fig. 7d) shows carbon was only lost in eastern North America and central Africa with South America, China, Southeast Asia, and India all having mixed impacts with equal areas of carbon increases offsetting decreases in ecosystem carbon.
The time series plots show that the RCP 2.6 simulation had both land use and wood harvest fluxes increasing through the period at rates consistent with the increases seen in the historical period (Figs. 8a and 8c) . The CCSM4 RCP 2.6 wood harvest flux was consistent with the CMIP5 GLM specified wood harvest flux for the entire period. The RCP 2.6 NEE flux was positive for much of the period but at values below 0.8 PgC yr 21 , resulting in a decrease in ecosystem carbon that also was consistent with the rate of decrease in the historical simulation (Figs. 8b and 8d) .
The RCP 4.5 global annual carbon fluxes (Table 4) show that this CCSM4 simulation had a NEE flux of 20.69 PgC yr 21 . This was the largest drawdown of carbon of the CCSM4 simulations. The negative NEE was the result of higher NPP and the lowest land use flux of the RCPs at 1.56 PgC yr
. The low land use flux was caused by the low wood harvest of 1.52 PgC yr 21 and carbon uptake through reforestation. The changes in global carbon pools (Table 5) show that the negative NEE resulted in an increase in ecosystem carbon of 61.0 PgC. This was the largest increase in ecosystem carbon of the RCP simulations with the increase coming mostly from increases in wood of 43.1 PgC and coarse woody debris of 3.7 PgC. The product pool carbon also increased by 6.3 PgC, simulating 67.3 PgC being removed from the atmosphere over the simulation.
The global map of RCP 4.5 land use carbon flux (Fig. 7e) has a similar spatial pattern to RCP 2.6 (Fig. 7c) but with lower values. The RCP 4.5 map of change in ecosystem carbon (Fig. 7f) , however, shows that RCP 4.5 had large uptakes in carbon, whereas RCP 2.6 had large losses of carbon. These areas are associated with increases in tree PFTs in RCP 4.5 compared to tree losses in RCP 2.6 (Figs. 4c and 4e) . The time series plots show that RCP 4.5 had consistently lower land use flux to the atmosphere than RCP 2.6 despite similar wood harvest fluxes (Figs. 8a and 8c) . The lower land use flux resulted in negative NEE for the whole period, with NEE reaching a maximum value of 21.25 PgC yr 21 in 2060 before being reduced to less than 20.25 PgC yr 21 by 2100 (Fig. 8b) . The negative NEE flux resulted in increased ecosystem carbon for the entire period (Fig. 8d) .
The RCP 6.0 average annual carbon fluxes (Table 4) show that this simulation had a land use flux of 1.90 PgC yr 21 , which was marginally larger than the RCP 2.6 and RCP 4.5 fluxes. The land use flux largely comprised of the wood harvest flux of 1.65 PgC yr
, which was again higher than the RCP 2.6 and RCP 4.5 fluxes. Despite the higher land use flux, the larger increase in NPP resulted in the second largest negative NEE flux of the RCPs at 20.35 PgC yr
. The changes in RCP 6.0 global carbon pools (Table 5) show that the CCSM4 simulation had a gain of ecosystem carbon of 26.1 PgC. The ecosystem carbon gain was through increases in leaf, wood, root, vegetation storage, and soil carbon, which offset a loss of coarse woody debris carbon. The product pool carbon increased by 8.9 PgC over the RCP 6.0 simulation with a net removal of 35.0 PgC from the atmosphere.
The global map of RCP 6.0 land use flux (Fig. 7g ) shows the same spatial patterns as RCP 2.6 and RCP 4.5 (Figs. 7c and 7e) but with higher values in South America, central Africa, China, and Southeast Asia, with smaller increases in North America, Europe, and Australia. The RCP 6.0 change in ecosystem carbon map (Fig. 7h) shows similar spatial patterns only to RCP 4.5 (Fig. 7f) , but with carbon losses replacing gains in eastern North America, South America, and India. The time series plots show that RCP 6.0 had a large jump in land use flux at the start of the period (Fig. 8a) , starting at 1.5 PgC yr 21 in 2006 and reaching 2.3 PgC yr 21 by 2019, coincident with the increases in wood harvest and grass PFT area. After this initial increase the land use flux falls before slowly ramping up to 2.5 PgC yr 21 at 2100. The wood harvest flux plot (Fig. 8c) shows that RCP 6.0 slowly rises from 1.0 PgC yr 21 in 2005 to reach 2.2 PgC yr 21 by 2100. The large increase in land use flux at the beginning of the RCP 6.0 simulation resulted in an NEE flux that increased to 0.75 PgC yr 21 by 2021 (Fig. 8b) . The NEE flux then declined to around 20.75 PgC yr 21 by 2035 before decreasing in magnitude to about 20.5 PgC yr 21 for the remainder of the time series. The decline in NEE flux after 2035 occurred despite the increase in land use and wood harvest fluxes over the period. The time evolution of the NEE flux is reflected in the ecosystem carbon, which declined slightly to 2025 before increasing through the rest of the simulation (Fig. 8d) .
The RCP 8.5 global annual carbon fluxes (Table 4 ) show this CCSM4 simulation had the highest land use flux of all the RCPs at 2.7 PgC yr 21 . This was over three times the historical land use flux and one and a half times the land use fluxes of the other RCPs. The RCP 8.5 wood harvest flux also was the largest of the RCPs at 2.54 PgC yr 21 . This was six times the historical wood harvest flux and one and a half times the wood harvest fluxes of the other RCPs. The higher land use flux also resulted in the largest positive NEE flux of the RCPs at 0.38 PgC yr 21 , which was nearly the same as the historical flux to the atmosphere.
The changes in RCP 8.5 global carbon pools (Table 5) show that the simulation had the largest decrease in ecosystem carbon of the RCPs with a total loss of 249.0 PgC. This was twice the decrease in RCP 2.6 but still smaller than the historical simulation. The ecosystem carbon loss was primarily from a decrease in wood carbon of 268.1 PgC and a decrease in coarse woody debris carbon of 210.1 PgC. These losses were partially offset by increases in other carbon pools. The large wood harvest flux resulted in the largest increase in the product pool of 18.7 PgC with a net release of ecosystem carbon to the atmosphere of 30.3 PgC.
The RCP 8.5 global map of land use flux (Fig. 7i ) shows a similar spatial pattern to RCP 6.0 but with large increases in South America and Africa and with smaller increases in China, Southeast Asia, North America, Europe, and Australia. These changes also are reflected in the RCP 8.5 map of changes in ecosystem carbon (Fig. 7j) where carbon losses are much larger than RCP 6.0 in South America and central Africa but similar over the rest of the world. The time series plots show RCP 8.5 had a steady increase in land use flux over the simulation, rising to a maximum flux of 4.0 PgC yr 21 in 2100 (Fig. 8a) . The higher land use flux comes from a higher wood harvest carbon flux that starts at 1 and reaches 4.2 PgC yr 21 in 2100 (Fig. 8c) . The higher land use and wood harvest fluxes are reflected in the RCP 8.5 NEE flux time series (Fig. 8b) , which rises to 0.75 PgC yr 21 by 2050 then declines to around 0.0 PgC yr 21 by 2075 before rising again to 0.75 PgC yr 21 in 2100. The higher land use and wood harvest fluxes ensure the NEE flux remained elevated longer in RCP 8.5 than in RCP 2.6. The high positive NEE flux also is reflected in the continual loss of ecosystem carbon throughout the simulation (Fig. 8d) .
c. Historical biogeophysical impacts of transient land cover change
The historical CCSM4 land-cover-change-only and full transient climate simulations were analyzed to understand the biogeophysical impacts of land cover change and wood harvest on CCSM4 land surface climate. The differences in annual land surface climate variables of the last 30 yr of the time series are compared to the first 30 yr in Table 6 for global land, and the regions of the eastern United States, China, and India, with statistical significance calculated with a paired Student's t test. The radiation and heat fluxes are the same as those shown in Figs. 2b and 2c. These differences also are shown in the global maps of Fig. 9 and in the time series analyses of annual differences in the global variables relative to 1850-59 mean values in Fig. 10 .
The analysis of changes in global annual averaged land surface climate (Table 6) The larger decrease in global annual-averaged absorbed shortwave radiation in the full transient experiment was the result of higher aerosol loadings and other atmospheric forcing, which had a larger impact than the decrease in surface albedo. The warming in the full transient experiment with lower absorbed shortwave radiation was the result of a larger decrease in net longwave radiation (LWR) from the surface due to other forcings, such as atmospheric CO 2 , with the net result an increase in the land surface radiation budget. The opposite was true in the land-cover-change-only experiment in which the decrease in net outgoing longwave radiation was smaller than the decrease in absorbed shortwave radiation, resulting in a net decrease in the land surface radiation budget and cooling.
The land-cover-change-only experiment had a decrease in global annual averaged leaf-area index (LAI) of 20.04, while the full transient experiment had an increase of 0.11. The increase in LAI in the full transient experiment despite the land cover change and wood harvest prescription indicates that other forcings on vegetation, such as CO 2 fertilization, atmospheric nitrogen deposition, and longer high-latitude growing seasons, had a larger impact on vegetation growth in the CLM-CN model than land cover change. The land-coverchange-only experiment also had statistically nonsignificant decreases in precipitation and sensible and latent heat fluxes, while the full transient experiment had nonsignificant increases in precipitation and sensible heat flux.
The global maps of changes in annual-averaged land surface albedo (Figs. 9a and 9b) show that the landcover-change-only experiment had the largest increases in albedo in North America, eastern Europe through Russia, and in China. The largest increases in albedo also were present in the full transient experiment but were smaller than the decreases in albedo in snow covered higher northern latitudes and over the Tibetan Plateau. The global annual-averaged time series plots of land surface albedo (Fig. 10a) show the land-coverchange-only experiment had albedo increasing consistently through the historical period, while the full transient experiment had changes in albedo closely tied to land surface temperature (Fig. 10b) with warming accompanying decreased albedo and cooling accompanying increased albedo.
The global maps of changes in near-surface land temperature show the land-cover-change-only experiment had the largest cooling in North America and in northern Siberia with mixed changes elsewhere. The full transient experiment by contrast had the largest warming at high latitudes corresponding with the decrease in albedo in snow-covered areas. In the eastern United States and China warming was smaller, corresponding with the areas that had increased albedo in both experiments. The global time series plots of near-surface land temperature (Fig. 10b) showthat the land-coverchange-only experiment had a gradual cooling through the historical period, whereas the full transient experiment demonstrated the competing forcings of atmospheric greenhouse gases, aerosols, and land cover change, with periods of warming and cooling before stronger warming from 1920 to 2005.
The global maps of changes in annual averaged LAI (Figs. 9e and 9f) showthat the land-cover-change-only experiment had the largest decreases in LAI in areas where tree PFTs decreased (Fig. 4a) . The full transient experiment, however, had widespread increases in LAI with the largest increases in North America, western Europe, South America, central Africa, and Indonesia. The global time series plots of LAI (Fig. 10c) show that FIG. 10 . CMIP5 global historical changes in annual land surface broadband albedo, land air temperature, LAI, and land precipitation for CCSM4 full transient and land cover change-only simulations smoothed with a 10-yr running mean relative to the 1850-59 period.
both experiments initially had decreases in LAI until 1900 with only the land cover change experiment continuing to decrease LAI to 2005. The full transient experiment, however, had gradually increasing LAI from 1900 to 1965 before ramping up dramatically for the last 40 yr of the period. The global maps of changes in annual averaged precipitation (Figs. 9g and 9h) show the regional nature of precipitation change in the land cover change experiment compared to the more zonal precipitation changes in the full transient experiment. The largest responses in the land-cover-change-only experiment were increased precipitation in North America and decreased precipitation in South America and China. In the full transient experiment, however, precipitation increased at higher latitudes, decreased from the equator to 308N, and was mixed south of the equator. The global time series of precipitation ( Fig. 10d) shows that the land-cover-changeonly experiment had an initial decrease in precipitation and stayed lower, oscillating around a 20.03 mm day 21 change. The full transient experiment, however, oscillated around a 0 mm day 21 change for most of the historical period before ramping up to an increase of 0.03 mm day 21 from 1980 to 2005. The CCSM4 biogeophysical regional analysis (Table 6) shows that all regions had increased annual-averaged land surface albedo for both experiments, although the magnitude of the increase varied by region and experiment. The land-cover-change-only experiment also had decreases in annual-averaged near-surface land temperature for all three regions, while the full transient experiment had increased temperature for all regions.
In the eastern United States, the land-cover-changeonly experiment cooled by 20.458C and had three times the albedo increase as the full transient experiment that warmed by 0.458C. Despite the larger increase in annual-averaged surface albedo, the land-cover-changeonly experiment had a smaller decrease in shortwave radiation absorbed, demonstrating the combined impacts of land cover with other forcings in the full transient experiment. The decrease in longwave radiation in the land-cover-change-only experiment also was smaller than the full transient experiment, with the net result a larger decrease in surface radiation budget in the landcover-change-only experiment.
The decreases in sensible heat flux were similar in both experiments despite very different surface energy balance changes. The reduced latent heat flux in the land-cover-change-only experiment offset some of the decrease in surface radiation budget, whereas increased latent heat flux combined with a smaller decrease in surface radiation budget in the full transient experiment. The increase in latent heat flux in the full transient experiment was consistent with the higher LAI found in the experiment and provides an explanation as to why the eastern United States warmed less than the global average and the other three regions, as shown in the global map (Fig. 9) .
In the China region, annual-averaged albedo increases were closer between the two experiments, but the changes in absorbed shortwave radiation were larger. In the land-cover-change-only experiment, the increase in albedo was accompanied by an increase in absorbed shortwave radiation of 1.47 W m
22
, whereas in the full transient experiment the absorbed shortwave radiation decreased by 25.92 W m 22 . These differences reflected the impact of changes in atmospheric conditions in both experiments, with reduced cloudiness in the landcover-change-only experiment (not shown) having a larger impact on the shortwave radiation than albedo, whereas in the full transient experiment the increased albedo combined with higher aerosol loadings and cloud cover to further reduce the shortwave radiation absorbed.
The changes in outgoing longwave radiation between the experiments also impacted the surface radiation budget changes. In the land-cover-change-only experiment, the reduced cloudiness and water vapor resulted in increased outgoing longwave radiation, leaving a small decrease in net surface radiation. In the full transient experiment, however, the reduction in outgoing longwave radiation due to increased greenhouse gases was smaller than the reduction in absorbed shortwave radiation, resulting in a greater reduction in net surface radiation. The differences in net surface radiation changes were evident in the surface turbulent heat fluxes, with the land-cover-change-only experiment having a small increase in sensible heat flux and the full transient experiment having a large decrease in sensible heat flux.
In the India region, the land-cover-change-only experiment had a smaller increase in surface albedo than the full transient experiment. This difference was primarily due to the impact of drier soils (not shown) on soil reflectance in the full transient experiment. Again, changes in atmospheric conditions between the experiments influenced the impact of albedo on absorbed shortwave radiation. The full transient experiment had twice the reduction in absorbed shortwave radiation, with the higher albedo combining with the increased aerosol loading.
The decrease in outgoing longwave radiation was only marginally higher in the full transient experiment, so the reduction in net surface radiation was larger in the full transient experiment. Despite the decrease in net surface radiation in the full transient experiment, the impact on surface energy fluxes was primarily realized through decreased latent flux with only a small decrease in sensible heat flux. This resulted in the largest warming of the three regions in the full transient analysis. The warming of the near-surface temperature in the full transient experiment despite a decrease in sensible heat flux was a product of advection of warmer air from the surrounding areas (not shown). In the land-cover-changeonly experiment the decrease in net surface radiation combined with the increase in latent heat flux to further reduce sensible heat flux and resulted in the second largest cooling of the three regions.
Discussion and conclusions
a. Impacts of CMIP5 historical land cover change in CCSM4
The GLM historical land cover change analysis shows that from 1850 to 2005 the time series had increases in crops of 9.8 3 10 6 km 2 , pasture of 25.5 3 10 6 km 2 , and secondary vegetation of 13.7 3 10 6 km 2 , which came from a decrease in primary vegetation of 249.0 3 10 6 km 2 . In the CLM4 land surface parameters, these changes in land units resulted in reductions of tree PFTs by 25.5 3 10 6 km 2 , of grass PFTs by 23.3 3 10 6 km 2 , and of shrub PFTs by 21.0 3 10 6 km 2 . The GLM historical harvest area of 47.4 3 10 6 km 2 also resulted in an additional 18.5 3 10 6 km 2 of tree PFTs being harvested through the period.
When the CLM4 parameters were prescribed in the CCSM4 full transient historical simulation, the model produced a land use flux of 0.76 PgC yr 21 , resulting in a cumulative total of 119.3 PgC over the period. The change in ecosystem carbon over the period was 264.5 PgC, giving an effective land sink of 54. . These differences are similar to differences in the historical wood harvest simulated by Shevliakova et al. (2009) The primary biogeophysical impact of historical land cover change on the CCSM4 land surface climate was increased global annual-averaged land surface albedo, resulting in a global cooling of land near-surface temperature by 0.18C. This was the result of reduced absorbed shortwave radiation over land of 20.3 W m 22 that produced nearly equal reductions in outgoing longwave radiation, sensible heat flux, and latent heat flux. The land cover change and wood harvest prescription also reduced global annual-averaged LAI by 20.04 over the period.
When combined with the other historical transient forcings, the global annual-averaged land surface albedo changes were overwhelmed by decreases in snow albedo through black carbon on snow and reduced snow cover through high-latitude warming. The global annualaveraged LAI also responded more strongly to increased atmospheric CO 2 , nitrogen deposition and extended high-latitude growing seasons, with an increase of 0.11 despite the prescription of human land cover change and wood harvest through the period.
The CCSM4 full transient global changes in land shortwave and longwave radiation fluxes also were more strongly impacted by increases in aerosol burden and CO 2 concentration than through changes in surface properties due to land cover change. Despite the decrease in land surface albedo, the decrease in global annualaveraged land-absorbed shortwave was nearly five times larger in the full transient simulation at 21.4 W m 22 than in the land-cover-change-only simulation. The decrease in outgoing longwave radiation, however, was larger than the decrease in shortwave radiation absorbed with the net result an increase in global annual-averaged land surface radiation budget and warming of global annualaveraged land near-surface temperatures by 0.988C.
At a regional level the land cover change impacts were present in both simulations. In all of the land cover change regions analyzed land surface albedo increased, with cooling in the land-cover-change-only experiment and reduced warming in the full transient experiment. The largest impacts in both experiments were in eastern North America with near-surface annual average cooling in the land-cover-change-only experiment of 20.458C, corresponding with the largest reduction in near-surface warming in the full transient experiment.
b. Impacts of CMIP5 RCP land cover change in CCSM4
The RCP 2.6 GLM land cover corresponded with the lowest radiative pathway but had the largest increase in crops of all the RCPs at 5.3 3 10 6 km 2 . Much of the large increase in crops in this RCP was the result of implementing biofuels as crops, often at the expense of primary and secondary forests. The RCP had the second largest decrease in primary vegetation at 215.3 3 10 6 km 2 and the smallest increase in secondary vegetation at 10.7 3 10 6 km 2 . In the CLM4 parameters these land unit changes were realized through nearly equal losses of tree PFTs at 22.7 3 10 6 km 2 and grass PFTs at 22.1 3 10 6 km 2 and through a smaller decrease in shrubs of 20.4 3 10 6 km 2 . The cumulative GLM wood harvest area of 140.7 3 10 6 km 2 was the lowest of the RCPs; however, in the CLM4 parameters the tree PFT harvest area of 88.2 3 10 6 km 2 was the second highest of the RCPs due to higher tree PFT density in the RCP.
The CCSM4 RCP 2.6 simulation had the lowest global wood harvest flux of all of the RCPs at 1.43 PgC yr 21 and the second lowest land use flux at 1.84 PgC yr 21 . While these values were more than double the historical values, RCP 2.6 had half of the historical NEE at 0.18 PgC yr 21 , with a much smaller loss in ecosystem carbon at 224.5 PgC and a smaller release of carbon to the atmosphere at 15.4 PgC. As found in the historical period, the CCSM4 RCP 2.6 cumulative wood harvest flux of 136.2 PgC was substantially lower than the GLM wood harvest carbon of 164.6 PgC.
realized through increases in crops of 2.8 3 10 6 km 2 , pasture of 3.4 3 10 6 km 2 , and secondary vegetation of 12.8 3 10 6 km 2 . This was consistent with the RCP having the largest decline in forests, which was reflected in the CLM4 parameters that had the largest loss of tree PFTs of all RCPs at 3.5 3 10 6 km 2 . The cumulative GLM wood harvest area was the largest of the RCPs at 214.6 3 10 6 km 2 . This also was the case in the CLM4 parameters with a cumulative tree PFT harvest area of 123.2 3 10 6 km 2 , which was one and a half times larger than RCP 2.6 and RCP 6.0 and over six times larger than the historical tree PFT harvest area.
The CCSM4 RCP 8.5 simulation had the highest land use carbon flux of all the RCPs at 2.7 PgC yr 21 with a cumulative land use flux of 256.3 PgC. This was over three times the historical land use flux. The RCP 8.5 also had a wood harvest flux of 2.54 PgC yr 21 , which was six times the historical value. The cumulative wood harvest flux over the period was 240.9 PgC, which was again less than the GLM wood harvest of 253.0 PgC. Despite the high land use and wood harvest carbon fluxes, RCP 8.5 had a positive NEE flux of only 0.38 PgC yr 21 with a cumulative loss of 249.0 PgC from the land ecosystem and an increase of 18.7 PgC in product pool, resulting in a release of 30.3 PgC into the atmosphere over the period. This meant that, despite the extensive wood harvest and tree loss in the RCP, the carbon lost from the ecosystem and released to the atmosphere was still less than that simulated over the historical period.
The relatively small net impacts of land cover change and climate on the terrestrial ecosystem under the RCP 8.5 land management scenario can be attributed to large increases in gross primary production of 25% and net primary production of 19%. These increases in primary productivity occurred despite human disturbance, primarily due to the increase in atmospheric CO 2 concentration by 145% and through warming that resulted in longer high-latitude growing seasons and increased nitrogen availability in soils with increased microbial activity. The increases in primary productivity also exceeded increases in heterotrophic respiration under the warmer surface climate.
What the CCSM4 simulations therefore show is that in RCP 8.5, land cover change and wood harvest changed the ability of the terrestrial carbon cycle to store increasing amounts of carbon under higher atmospheric CO 2 and warmer surface climate into a situation where carbon currently stored in the ecosystem was released into the atmosphere. The opposite was true in RCP 4.5 in which reforestation was able to store nearly as much carbon in the ecosystem as was lost over the historical period. This was despite the continuing increase in wood harvest over the RCP 4.5 period.
As mentioned in section 2, the RCP 6.0 and RCP 8.5 wood harvest parameters used in the simulations of this paper have been revised from the original CMIP5 wood harvest parameters provided by Hurtt et al. (2011) for the two RCPs. In the official CMIP5 CCSM4 simulations reported in Meehl et al. (2012) , however, these two RCPs have CLM4 wood harvest parameters prescribed from the original CMIP5 wood harvest area values. The original wood harvest area for RCP 6.0 is 275.7 3 10 6 km 2 , which is 77% larger than the area used in this paper. The original wood harvest area for RCP 8.5 is 366.3 3 10 6 km 2 , which is 71% larger. The impact of these very high wood harvest areas on the carbon cycle in the CCSM4 simulations was to greatly increase the wood harvest and land use carbon fluxes beyond those expected for the RCPs. For RCP 6.0 the original wood harvest parameters resulted in a wood harvest carbon flux of 3.58 PgC yr 21 with a cumulative wood harvest of 339.6 PgC. This was over twice the CCSM4 result with the revised wood harvest parameters and nearly twice the global wood harvest modeled for the RCP by the AIM team (Fujino et al. 2006 ). For RCP 8.5 the original wood harvest parameters resulted in a wood harvest carbon flux of 4.84 PgC yr 21 with a cumulative wood harvest of 459.8 PgC. This also was nearly twice the CCSM4 result, with the revised wood harvest parameters and the global wood harvest modeled for the RCP by the MESSAGE team (Riahi et al. 2007 ).
c. Conclusions and implications
We have developed new time series of transient CLM4 PFT and tree PFT wood harvest parameters that capture the nature of CMIP5 land cover change and wood harvest trajectories for the historical period from 1850 to 2005 and for the four RCP scenarios from 2006 to 2100. The CLM4 transient parameters have been used to represent human land use and land cover change in CCSM4 fully coupled transient climate simulations for each of these periods. Analysis of the historical and RCP transient CLM4 parameters show that our methods are faithful in maintaining the CMIP5 narrative while being consistent with current day MODIS-derived PFT and bioclimatically modeled potential vegetation PFT distributions.
Analysis of the biogeochemical impacts of historical land cover change in CCSM4 found that the model had a cumulative land use flux of 127.7 PgC from 1850 to 2005, lower than but consistent with global estimates by Houghton (2003) and Canadell et al. (2007) The biogeophysical impacts of transient land cover change alone in CCSM4 were found to be global annualaveraged near-surface atmospheric cooling over land of 20.18C. This was directly through increased surface albedo and reduced shortwave radiation absorption, which resulted in equal decreases in outgoing longwave radiation, sensible heat flux, and latent heat flux from the land. The land cover change also resulted in a global annualaveraged decrease in LAI of 20.04 in the CLM-CN model. The climate impacts were largest in eastern North America, which had cooling of 20.458C, and in other areas where vegetation and snow interactions were greatest.
When combined with other transient climate forcings, the higher albedo from land cover change was overwhelmed at global scales by decreases in snow albedo from black carbon deposition and from high-latitude warming. At regional scales, however, the land cover change forcing reduced warming, with the biggest impacts again in eastern North America. The full transient simulation also showed that CLM-CN had a global annual average increase in LAI of 0.11, with the impact of increased atmospheric CO 2 , nitrogen deposition, and lengthened growing season having a larger influence than human land cover change and wood harvest.
The RCP simulations showed that the CLM4 transient PFT and tree PFT wood harvest parameters can be used to represent a wide range of human land use and land cover change scenarios in CCSM4. In the reforestation scenario of RCP 4.5, CCSM4 simulated a drawdown 67.3 PgC from the atmosphere into the terrestrial ecosystem and product pools. This was close to the amount of carbon lost to the atmosphere over the historical period. By contrast, the RCP 8.5 scenario, where land management is used meet resource requirements rather than address carbon mitigation, deforestation and high wood harvest undermine the ability of the terrestrial biosphere to store increasing amounts of carbon under higher atmospheric CO 2 and warmer surface climate, with 30.3 PgC currently stored in the ecosystem released into the atmosphere.
